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I. INTRODUCTION
Detailed micromagnetic calculations of domain structures 1 are of current interest in several areas of magnetism, e.g., the process of magnetization reversal in materials, the modeling of macroscopic magnetic properties, and the determination of magnetic properties of nanocrystalline ferromagnetics. 2, 3 One important materials parameter needed in these micromagnetic calculations is the exchange stiffness constant A. This exchange stiffness constant is related to the spin-wave stiffness constant D through the relation A ϭDM s (0)/2g B , where M s (0) is the saturation magnetization at zero temperature, g the spectroscopic g factor, and B the Bohr magneton. 3 Both experimental 4 -8 and theoretical 9, 10 determinations of D have been reported for Ni, Co, and their alloys, four of which are presented in Fig. 1 . Clearly, the results from these studies show a large variation in D as well as in their Co concentration dependence. The early magnetization study by Maeda et al. 5 on fcc Ni 1Ϫx Co x bulk alloys ͑0.1-mm-thick platelets͒ using a pendulum-type magnetometer finds D values close to 400 meV Å 2 with a minimum occurring at a Co content of 10 at. %. A nearly identical Co concentration dependence is seen in the D values determined from a spin-wave resonance ͑SWR͒ study of Ni 1Ϫx Co x thin films ͑200-500 nm in thickness͒ by Cullis Cullis and Heath 4 that the difference might be the result of the magnetization and neutron scattering experiments dealing with traveling spin waves, while the SWR study dealt with standing spin waves in thin films where surfaces play an important role in the determination of D.
The aforementioned experimental determinations of D can be contrasted to the band structure calculations of D for fcc Ni-Co alloys by Wakoh 10 as indicated by the dotted line in Fig the inclusion of interatomic exchange interactions in the band structure calculations.
In order to provide further clarification of the magnetic exchange stiffness constant A and the spin-wave stiffness constant D for Ni-Co alloy films as well as on other magnetic parameters, the results from detailed magnetization and ferromagnetic resonance ͑FMR͒ measurements on three wellcharacterized epitaxial Ni 1Ϫx Co x (001) thin films (x ϭ0,0.16,0.50) are reported. The values of A from analyses of the low-temperature-dependent saturation magnetization data are consistent with earlier magnetization 5 and neutron diffraction results 6 on bulk alloys. Furthermore, the observation of SWR volume modes in these thin-film samples indicates the presence of a surface anisotropy that should be taken into account when determining the magnetic exchange stiffness constants from SWR measurements.
II. EXPERIMENT
Film structures of Cu/Ni 1Ϫx Co x /Cu (0рxр0.50) were prepared in an ultrahigh vacuum using a molecular beam epitaxy ͑MBE͒ deposition system operating at a base pressure of 2ϫ10 Ϫ10 Torr. Epitaxial Ni 1Ϫx Co x (001) films were grown on a 100-nm-thick Cu͑001͒ seed layer previously deposited on Si͑001͒ substrates etched with a 10% hydrofluoric acid solution. Further details of the growth of the Ni͑001͒ layers on Cu͑001͒ layers as well as of the growth of Cu͑001͒ seed layers on hydrogen-terminated Si͑001͒ can be found in Ref. 11 . All films were capped with a 5-nm-thick Cu layer for protection against oxidation and to provide symmetric interfaces for the alloy film. The deposition rate was maintained at ϳ0.5 Å/s with the films having a nominal thickness d of ϳ200 nm. The thickness of the films was determined to within Ϯ5% from the quartz thickness monitor, which was previously calibrated using a diamond stylus profilometer. Regulating the deposition rates of cobalt and nickel during the codeposition of Ni and Co sets the composition for the Ni 1Ϫx Co x films.
The epitaxial nature of the films was confirmed by monitoring the reflection high-energy electron diffraction ͑RHEED͒ patterns during the film growth as well as by standard x-ray diffraction ͑XRD͒ -2 scans using Cu K␣ radiation. As seen in Fig. 2 , the XRD patterns exhibit only the ͑002͒ peaks indicative of epitaxial ͑001͒ growth. Using the bulk lattice constants for Ni and fcc Co, the interatomic spacing d 002 should follow a linear behavior with increasing Co concentration according to Vegard's rule. Although a linear behavior is observed ͑see inset of Fig. 2͒ , the shift in the experimental data from the expected linear behavior indicates the presence of a residual strain in the films.
A Quantum Design superconducting quantum interference device ͑SQUID͒ magnetometer ͑model MPMS-5S͒ was used to perform the magnetization measurements. The magnetic hysteresis loops were obtained at room temperature on all films with magnetic field orientations both normal and parallel to the film plane in order to determine the magnetic anisotropies of the films. Temperature-dependent saturation magnetization data were also acquired to determine the spinwave exchange stiffness constants as described in the next section. A 9.5-GHz X-band spectrometer was used to perform FMR/SWR measurements at room temperature using a standard lock-in detection technique. The sample ͑typical size of 4 mmϫ4 mm) was mounted on a rod along the vertical axis of a TE 101 rectangular resonance cavity with the capability to rotate the sample about a vertical axis to obtain the angular dependence. A horizontal dc magnetic field is provided by a 12-in. Varian electromagnet that has a range of 0-19 kOe. Figure 3 shows the hysteresis loops for the Ni 0.50 Co 0.50 (001) film, which is similar to the loops obtained for other two films. All loops clearly show that the easy axis of magnetization lies in the plane of the films. From these hystereses, the values of M s and 4M eff ͑determined using the area between the parallel and perpendicular hysteresis curves͒ were determined and are listed in Table I . From these two values, the perpendicular uniaxial magnetic anisotropy field H 2 (H 2 ϭ4M s Ϫ4M eff ) was deduced and is also listed in Table I . Even though the error associated with H 2 is rather large due to it being the difference of two comparable numbers, it is noteworthy that all films have a positive H 2 value ranging from 0.5 to 1.2 kOe. This is probably associated with the residual strain in the films as indicated by XRD and/or with a surface-induced anisotropy as previously reported 12 in Cu/Ni/Cu͑001͒ films. The values of the magnetic exchange stiffness constant A were determined from the temperature dependence of the saturation magnetization at low temperatures. According to the Bloch T 3/2 law, the ratio of the saturation magnetization M s (T) at low temperatures to the saturation magnetization M s (0) at absolute zero is given by
III. ANALYSES AND DISCUSSION

A. Magnetization measurements
where k B is Boltzmann's constant, Q the number of lattice points per unit cell (Qϭ4 for fcc lattices͒, and a the lattice constant. The spin quantum number s is given by
From the slopes of M s (T)/M s (0) vs T 3/2 as shown in Fig. 4 , the exchange stiffness constants were determined and found to increase from (0.82Ϯ0.06)ϫ10 Ϫ6 to (2.27Ϯ0.15) ϫ10 Ϫ6 erg/cm as the Co concentration increases. These determinations as well as the resulting values for the spin-wave stiffness constant D are listed in Table I .
The D value obtained for our pure Ni film (449 Ϯ55) meV Å 2 is within the experimental uncertainty of the values deduced on bulk Ni from previous magnetization measurements 5 and from the neutron diffraction results 6 as seen in Fig. 1 , but almost a factor of 3 times larger than the value determined from SWR measurements 4 on comparable thickness Ni films. While the neutron diffraction determinations show an increase of D with increasing concentration of Co from zero to 50%, our results on the Ni-Co alloy films display a concentration dependence more resembling the prior magnetization and SWR studies 5 with our D values for the alloy films lying between the magnetization and neutron scattering results. These variations in the values of D from the different measurements probably arise from the processing conditions and the structural quality of the films versus the bulk materials. Furthermore, as will be shown in the next section, the surface of the films plays an important role in the determination of D from spin-wave resonance studies and may account for the significantly lower D values deduced from the earlier SWR study 4 than the present study on similar thickness Ni-Co films.
B. FMRÕSWR measurements
Since all three films showed strong microwave resonance absorption modes, out-of-plane angular-dependent ferromagnetic resonance measurements could be performed. Multiple-resonance peaks were observed for the xϭ0 and xϭ0.16 films when the direction of the applied magnetic field approached that of the film normal. However, the sample with xϭ0.50 required fields beyond the limit of our electromagnet ͑19 kOe͒ in order to track these modes completely. Figure 5 displays the FMR data ͑first derivative of the absorption spectrum͒ for the pure Ni film in the perpendicular geometry with multiple-resonance fields being clearly observable. These SWR data were subsequently analyzed following a model previously described by Soohoo, 14 which assumes homogeneous magnetic properties throughout the films except at the surface, where the spins are ͑par-tially͒ pinned. In order to analyze the FMR/SWR data, the free energy density E for a single-crystal film in the presence of a dc magnetic field H is written as 11 
EϭϪM s H sin cos͑Ϫ
The three terms in Eq. ͑3͒ represent the Zeeman, effective demagnetization, and magnetocrystalline anisotropy contributions, respectively. K 2 and K 4 represent the second-order uniaxial perpendicular magnetic anisotropy and the fourthorder magnetocrystalline anisotropy constants, while and correspond to the polar and azimuthal orientations of the film's saturation magnetization with respect to a xyzcoordinate system as described in Ref. 11 . For the so-called out-of-plane FMR measurements, the film plane is kept parallel to the xz plane while the dc magnetic field is applied parallel to the xy plane, and H is the angle the applied field makes with the x axis. The dispersion relation for microwave excited volume modes in a thin film is given by
where ϭ2 f and f is the microwave frequency. The parameters ␥ and k are the gyromagnetic ratio and the wave vector of the microwave field, respectively. Under equilibrium conditions for the magnetization, outof-plane FMR measurements require ‫ץ‬E/‫ץ‬ϭ0 and ‫ץ/‪E‬ץ‬ ϭ0, which leads to ϭ/2 and 
͑6͒
Note that the FMR mode, which is the resonance field H 0 corresponding to the uniform mode, can be obtained by setting kϭ0 in the above equations. The experimentally measured resonance fields can then be fitted to the theoretical expressions of Eqs. ͑5͒ and ͑6͒ in order to determine the values of 4M eff , H 2 , and H 4 . As seen in Table I these values from the FMR data are in good agreement with those deduced from the magnetization results on these films. Furthermore, the concentration variation in H 4 is in agreement with an earlier study on bulk Ni 1Ϫx Co x alloys. 16 For the perpendicular geometry ( H ϭ/2), the equation for the resonance field corresponding to the kth mode can be written as
where H 0Ќ corresponds to the uniform resonance mode ͓k ϭ0 in Eq. ͑6͔͒ and
Obviously, either real or imaginary values for k can satisfy Eqs. ͑6͒ and ͑7͒. Real values of k (k 2 Ͼ0) correspond to volume SWR modes with resonance fields that are lower than the uniform resonance field, whereas the imaginary values of k (k 2 Ͻ0) correspond to surface modes with resonance fields higher than the uniform resonance field.
14 From the FMR spectrum shown in Fig. 5 as well as the spectra for the other Ni-Co films, the high-order resonance field values are clearly smaller than that of the uniform resonance mode and consequently these resonance modes correspond to volume SWR modes.
If the surface spins are completely pinned, kϭn/d, where n is an integer known as the mode number and d is the thickness of the film. Equation ͑7͒ now becomes
which is known as Kittel's mode square law. 13 However, for partial surface pinning of the spins, the so-called surface inhomogeneity ͑SI͒ model 14, 17 is more useful since it employs additional surface anisotropy energy and magnetization inhomogeneities close to the surface. The uniaxial surface anisotropy energy density with the easy axis normal to the film plane is given by E s ϭϪK s Ј sin 2 sin 2 , where K s ϭK s Јa defines the uniaxial surface anisotropy constant with a being the lattice constant of the film. Assuming symmetrical spin pinning at both surfaces of the film, the locations of the spin-wave resonance modes for the applied field normal to the film plane ( H ϭ/2) are given by
Note that if the surface spins are completely pinned (K s →ϱ), then Eq. ͑10͒ reduces to kϭn/d where n ϭ1,3,5,... . Since our films were grown with a Cu layer on both sides, symmetrical spin pinning at both surfaces is a reasonable assumption. The resonance fields H kЌ were subsequently determined by fitting the first derivative of Lorentzian functions to the experimental FMR spectra. The resulting fits to the spectra ͑see Fig. 5 for the pure Ni spectrum and fit͒ indicate the presence of stronger resonance peaks for odd-numbered spin-wave modes and weaker resonance peaks for evennumbered modes. This means that the spins at the interfaces of the film are not strongly pinned. Figure 6 shows the resulting resonance field values determined from the fitting of the SWR spectra for the xϭ0 and 0.16 films. Although the resonance fields for the Ni 0.84 Co 0.16 film are larger, the decrease in the resonance field with increasing mode number is a characteristic for both films. As there are more independent variables ͑A, M s , d, H 0Ќ ) than the number of independent equations ͓Eqs. ͑7͒ and ͑10͔͒ for fitting the resonance data, K s cannot be determined independently without using values for these variables deduced from other experimental measurements, e.g., from the magnetization measurements. 12 on Cu/Ni/Cu͑001͒ film structures. The surface anisotropy in these epitaxially grown films probably is the result of the Cu/Ni interfacial magnetocrystalline anisotropy as previously reported in these Cu/Ni/Cu͑001͒ film structures. 12 Moreover, the surface anisotropy field H s (ϭ4K s /M s d) determined from these K s values is in reasonable agreement with our experimentally determined H 2 values ͑see Table I͒ . Although the positive K s value should favor the magnetization being normal to the film surface, the demagnetization energy dominates for the film thickness used in this study such that the magnetization lies in the plane of the film. It is only for Ni films with thickness less than 20 nm that the easy axis of magnetization is actually found to be normal to the plane of the film. 14 19 It should be noted that the latter two systems show spontaneous perpendicular anisotropy only for Co film thickness Ͻ1.6 nm. More conclusive evidence for this large K s value in Ni 0.84 Co 0.16 /Cu(001) films would be to study the thickness dependence of magnetic anisotropy as a spontaneous perpendicular anisotropy should be readily apparent at smaller thicknesses.
In comparison to our inclusion of partial surface pinning in the analysis of the volume SWR modes, the earlier SWR study of Cullis and Heath 4 considered the resonance modes to follow a strict Kittel's mode square law of Eq. ͑9͒ with an effective zero surface anisotropy. A least-squares fit of our resonance field data to the mode number squared (n ϭ1,2,3,...) results in calculated values for the spin-wave stiffness constant D of 392 and 379 meV Å 2 for the Ni and Ni 0.84 Co 0.16 films, respectively, or about by about 10% lower than the values from the magnetization determinations. Although these recomputed D values are still not as small as those of the earlier SWR study on uncharacterized surfaces of Ni-Co films, it points out that the determination of the spin-wave stiffness constants and exchange stiffness constants from SWR data is dependent upon the nature of the film's surfaces as standing spin waves in resonance experiments are more influenced by surfaces than the traveling spin waves in bulk magnetization measurements.
IV. CONCLUSIONS
Various magnetic parameters have been determined from magnetization and ferromagnetic resonance measurements on epitaxial films of fcc Ni 1Ϫx Co x (100) (xϭ0, 0.16, and 0.50͒ grown by MBE deposition on Cu͑001͒/Si͑001͒ substrates. By fitting the low-temperature saturation magnetization to the Bloch T 3/2 law, the exchange stiffness constant A was determined to increase from 0.82ϫ10 Ϫ6 erg/cm for the Cu-Ni interface of the pure Ni film to 2.27ϫ10 Ϫ6 erg/cm for the film with 50% Co. These results are in quantitative agreement with the numerical values obtained from prior neutron diffraction and magnetization measurements on bulk samples. In addition, spin-wave resonance volume modes were observed in the FMR spectra for the xϭ0 and 0.16 films with surface anisotropy constants being found to be approximately 1 and 4 erg/cm 2 , respectively. These large values of the surface anisotropy probably arise from the interfacial magnetocrystalline anisotropy between the Cu and Ni or Ni-Co layers.
